Obstructive sleep apnea (OSA) is associated with many cardiovascular disorders. Intermittent hypoxia (IH) is a key pathological hallmark of OSA. This study was conducted to evaluate the potential therapeutic effects and the associated mechanisms of adiponectin (APN) on IH induced human adult cardiac myocytes (HACMs) injury.
Background
Obstructive sleep apnea syndrome (OSAS) is a sleep breathing disorder that has comorbidities of multiple disorders such as cardiovascular disease. OSAS is an independent risk factor for increased cardiovascular morbidity and mortality, and several major epidemiological studies have confirmed its importance [1] . Intermittent hypoxia (IH) is one of the most important pathological hallmark of OSAS. Previous reports showed that IH was associated with cardiovascular disease [2, 3] . IH has also been shown to induce left ventricular remodeling [4] . However, until now, few studies have reported on the role of IH in cardiomyocytes [5] .
Oxidative stress and inflammation are important pathogenic factors in the development of cardiovascular diseases [6, 7] . Previous studies have reported that IH could increase the level of reactive oxygen species and other signaling molecules that promote myocardial inflammation and injury [8, 9] . Clinical studies have shown that the levels of circulating pro-inflammatory cytokines and oxidative stress bio-markers were higher in patients with OSAS compared with patients without OSAS [10, 11] .
Adiponectin (APN) is an adipocyte-specific protein that is synthesized by adipose tissue and secreted into the blood through adipose tissue, and plays a vital role in regulation of energy metabolism and adipocyte differentiation [12] , specifically inflammatory and oxidative stress [13, 14] . A number of studies have shown that APN plays a key role in vivo [15, 16] . Studies have shown that the genioglossal mitochondrial dysfunction in rats exposed to IH could be alleviated by APN [16] . APN protects the kidney against chronic IH induced injury through inhibiting endoplasmic reticulum stress [17] . APN also has cardioprotective effects [18] . However, the effect of APN on human adult myocardial cells under IH conditions is still unclear.
The aim of the present in vitro study was to investigate the effects of APN on human adult cardiac myocytes (HACMs) under IH conditions and reveal its potential mechanisms.
Material and Methods

Isolation and culture of HACMs
The heart tissue samples were obtained from heart transplanted patients in our hospital (from January 2015 to June 2017) and used to prepare the primary culture of HACMs following a protocol previously described [17, 19] . The present study was approved by the ethics committee of the Affiliated Hospital of Jiangnan University. All in vitro experiments were performed using passage 2 to 4 of the HACMs. Briefly, HACMs (5×10 4 cells/plate) were seeded in a 1% gelatin-coated (SigmaAldrich, St. Louis, MO, USA) OptiCell™ plates (Nunc, Thermo Scientific, Waltham, MA, USA) and cultured in Medium 199 (M199, Gibco, Invitrogen, Carlsbad, CA, USA) containing 20% fetal bovine serum (FBS superior, Biochrom, Berlin, Germany) and 1% penicillin/streptomycin (Gibco, Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified atmosphere of 5% CO 2 .
For passaging and seeding, cells were removed from M199 and incubated with 5 mL of 0.25% trypsin-EDTA solution (SigmaAldrich) at 37°C for 2 minutes. Cells were detached by agitation and then M199 containing 20% FBS was added to stop the trypsin activity. At 80% to 90% concentration, HACMs (0.6×10 5 cells/plate) were seeded into OptiCell (OC) plates precoated with 1% gelatin. The HACMs were cultured for 6 days before experimental treatments. Experiments were carried out at different O 2 concentrations (0% to 21% O 2 ) after starvation, for 24-hour incubation in serum-free M199 followed with 0.1% bovine serum albumin (BSA, Sigma-Aldrich), 1% penicillin, and 1% streptomycin.
HACMs were treated with 100 μmol/L APN for 4 hours, then, 24 hours later, Cell Counting Kit-8 (CCK-8) assay, lactate dehydrogenase (LDH) release assay, and flow cytometry assay were performed. Cells without any treatment were used as the control.
Intermittent hypoxia process
IH exposure was conducted using a custom-designed computercontrolled incubator chamber connected to a BioSpherix OxyCycler (BioSpherix, Redfield, NY, USA) as previously described [20] . Briefly, cells were cultured in the hypoxic chamber in which O 2 levels were alternated between 1% for 5 minutes and 21% for 10 minutes for 64 cycles. Cells in the control group were cultured in normoxic conditions (21% O 2 , 5% CO 2 , and balance N 2 ). To analyze the role of oxygen concentrations in the HACMs, the cells were maintained in using the cycle of 1% O 2 for 5 minutes and 21% O 2 for 10 minutes, cycle of 1% O 2 for 5 minutes and 21% O 2 for 10 minutes, cycle of 5% O 2 for 5 minutes and 21% O 2 for 10 minutes, and cycle of 10% O 2 for 5 minutes and 21% O 2 for 10 minutes or normoxia, respectively [20] .
HACMs were treated with or without a series of concentrations of APN (25, 50 , or 100 μmol/L) for 4 hours, then IH was conducted or not for 72 hours. Then, CCK-8 assay, LDH release assay, and flow cytometry assay were performed. Cells without any treatment were used as the control.
CCK-8 assay
CCK-8 assay [21] was conducted to detect the cell viability of HACMs following the manufacturer's manual. After treatment with a series of concentrations of APN (25, 50 , or 100 μmol/L), the HACMs cells (1×10 4 cells per well) were seeded into 96-well plates. The cells were exposed to IH or normoxia for 72 hours. Then we added CCK-8 reagents (WST-8,(2-(2-methoxy-4-nitrophenyl)-3-(40nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt) and incubated for 1.5 hours in the dark at 37°C. The optical density of each well was measured at 450 nm and quantified using a micro-plate reader (Bio-Rad).
LDH release assay
LDH activity in the culture medium was measured by a commercial LDH assay kit (Roche, Mannheim, Germany) according to the supplier's manual [22] . Absorbance of the samples was detected at 490 nm on a spectrophotometer (Victor3, Perkin Elmer, Waltham, MA, USA).
Flow cytometry assay
Cell apoptosis was detected using flow cytometry [23] . HACMs were plated into 6-well plates and treatment with a series of concentrations of APN (25, 50, or 100 mmol/L) for 4 hours. Then the cells were exposed to IH or normoxia for 72 hours. Cells after IH were harvested and stained with Annexin V-fluorescein isothiocyanate (V-FITC) binding buffer for 60 minutes at 37°C, at 5% CO 2 . Then cells were stained with propidium iodide (PI) single staining solution for 5 minutes at room temperature without light (Annexin V-FITC/PI apoptosis detection kit; Cat no. 70-AP101-100; MultiSciences, Hangzhou, China). The apoptosis of HACMs was analyzed by flow cytometer (FACSCalibur, Becton Dickinson).
Enzyme-linked immunosorbent assay (ELISA)
The expression of released interleukin (IL)-1b, IL-6, and IL-8 were detected by enzyme-linked immunosorbent assays kit (ELISA, R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions for each kit. Optical density readings for each protein were compared with standard curves to quantify the amount of protein in the original samples. The values were normalized to cell count and presented as the percentage of baseline.
Measurement of antioxidant activity
To determine the antioxidant activity of APN, the levels of malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were detected using assay kits (Bio-Plex Multiplex System, Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's protocol.
Western blot analysis
After IH treatment, proteins were extracted from the HACMs with RIPA buffer (Beyotime Institute of Biotechnology), supplemented with 1 mM of PMSF (Roche, Germany) and a phosphatase inhibitor cocktail (Roche, Germany). The concentration of protein was detected by the bicinchoninic acid (BCA) assay kit (Pierce Chemical, USA). Equal quantities of protein (40 μg/line) were separated on 10% sodium dodecyl sulfate PAGE (SDS-PAGE) and then transferred onto polyvinylidene fluoride membranes (Bio-Rad Laboratories, Hercules, CA, USA). Then, the membranes were incubated with the specific primary antibodies p-LKB1, p-AMPK (AMP-activated protein kinase), p-p65, and b-actin at 4°C overnight, followed by incubation with horseradish peroxidase labeled secondary antibody for 2 hour at room temperature. The bands were visualized by electrochemiluminescence ECL kit (Thermo Scientific, USA); and ImageJ 2.0 software (Bio-Rad Laboratories Inc., USA) was used to quantify the intensity of band.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated from the HACMs using TRIzol reagent (Takara Bio Inc., Japan) following the manufacturer's instructions. RNA (2 μg) was reverse transcribed to complementary DNA (cDNA) using Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany). Quantitative detection of mRNA expression was carried out using SYBR Green quantification method (Thermo Scientific, USA) with an ABI 7900 Real Time PCR System (Applied Biosystems Inc., USA). Quantities of these genes were normalized to the GAPDH and calculated by the 2 -DDCt method [24] .
Statistical analysis
All data analysis was performed using SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA). Statistical analysis between all groups was performed with Student's t-test or oneway analysis of variance (one-way ANOVA) followed by Tukey's test. Data were presented as the mean ± standard deviation. P<0.05 was considered statistically significant.
Results
Effects of APN on HACMs, without other treatments
As shown in Figure 1 , compared with the control group, 100 μmol/L APN treatment had no effect on cell viability, plasma membrane integrity, or apoptosis of HACMs. There was no significant difference in cell viability ( Figure 1A) 
( Figure 1B ), or cell apoptosis ( Figure 1C, 1D ) between the control group and the APN treatment group.
Effects of APN on IH induced cell death
As compared with the control group, HACMs treated with IH had reduced cell vitality (Figure 2A , P<0.01), increased LDH release ( Figure 2B , P<0.01), and increased proportions of apoptotic cells ( Figure 2C , 2D, P<0.01), while APN treatment significantly reversed these effects in a dose-independent manner compared with the IH group (P<0.05, P<0.01, respectively).
Effects of APN on IH induced inflammatory response
ELISA ( Figure 3A-3C ) and quantitative real-time polymerase chain reaction (qRT-PCR) ( Figure 3D-3F ) results showed that compared with the control group, the levels of IL-1b, IL-6, and IL-8 were significantly increased in the IH group (P<0.05, P<0.01, respectively). The levels of IL-1b, IL-6, and IL-8 in APN group had a significant decrease in a dose-independent manner when compared with the IH group (P<0.05, P<0.01, respectively).
Effects of APN on IH induced oxidative injury
Compared with the control group, the activities of GSH-Px and SOD were significantly decreased in the IH group (P<0.01), while the content of MDA was significantly increased (P<0.01). However, APN significantly restored the activities of these enzymes in a dose-independent manner compared with the IH group in a dose-independent manner (Figure 4 ) (P<0.05, P<0.01, respectively).
Effects of APN on AMPK and NF-kB pathway
To further study the protective mechanism of APN against IHinduced HACMs injury, we analyzed the expression of p-LKB1, p-AMPK, and p-p65 proteins by western blot assay ( Figure 5 ). After IH exposure, p-LKB1 (P<0.01) and p-AMPK (P<0.01) protein levels were reduced and the protein level of p-p65 (P<0.001) was increased compared with those in the control group. Compared with the IH group, APN treatment significantly increased p-LKB1 and p-AMPK protein levels and decreased p-p65 protein level in a dose-independent manner (P<0.05, P<0.01, respectively). 
Discussion
In the present study, we found that APN was not cytotoxic to HACMs. IH-induced cell vitality reduction, LDH release increase, and apoptosis in HACMs were significantly inhibited by APN treatment. The increased levels of IL-1b, IL-6, IL-8, and MDA, and the decreased GSH-Px and SOD activities caused by IH were eliminated by APN treatment. Besides, the upregulated protein levels of p-LKB1 and p-AMPK, and the reduced p-p65 protein level caused by IH were reversed by APN administration. These results indicated that APN protected against IH-induced HACMs injury, possibly mediated by AMPK and NF-kB pathway.
OSAS is characterized by repetitive upper airway obstruction during sleep. IH is a key pathophysiological characteristic of OSAS. IH induces HACMs dysfunction by enhancing inflammatory mechanisms [25] . However, the effect of APN on IHinduced HACMs damage has remained elusive. In a previous study, we found that APN could reduce HACMs inflammation, inhibit cell apoptosis and oxidative damage, and activate the AMPK and NF-kB pathway after IH exposure.
As a previous study demonstrated that IH could induce inflammatory and oxidative stress [26] , we then examined the antioxidant activities of APN in IH-induced HACMs, and the activities of antioxidant enzymes (SOD and GSH-Px) as well as the levels of MDA in the HACMs. SOD and GSH-Px are the enzymes that protect the organism from oxidative damage, while MDA is an important marker of lipid peroxidation [27] . In the present study, APN treatment markedly enhanced the levels of GSH-Px and SOD as well as decreased the levels of MDA induced by IH. Therefore, it is indicated that APN effectively protected the HACMs oxidative damage induced by IH. In addition, studies have indicated that IH could promote the production of ROS, which in turn might activate the proinflammatory transcription factor NF-kB pathway [27, 28] , resulting in increased expressions of downstream targeted genes such as IL-1b, IL-6, and IL-8. Many clinical studies have found the levels of serum pro-inflammatory cytokines (IL-1b, IL-6, and IL-8) were higher in OSAS patients than non-OSAS controls [29, 30] . Consistent with previous reports [17, 19] , our results showed that IH caused elevation of the levels of IL-1b, IL-6, IL-8, and p-p65 in HACMs. APN treatment markedly reduced the levels of IL-1b, IL-6, IL-8, and p-p65.Therefore, these The AMP-activated protein kinase (AMPK) is a sensor of conserving cellular energy status, and it has been reported that the AMPK pathway plays a pivotal role in regulating energy balance, oxidative stress, inflammatory response, and apoptosis [31, 32] . Activation of AMPK can result in enhanced oxidative capacity [33] . Previous studies have reported that APN could stimulate glucose utilization and fatty acid oxidation by activating the AMPK pathway [34, 35] . APN rescues IH-induced reductions in mitochondrial synthesis and oxidative capability through the AMPK pathway [16] . In the present study, our results showed that APN treatment could elevate the levels of p-LKB1 and p-AMPK in HACMs induced by IH, indicating that APN could activate AMPK pathway in IH-induced HACMs. 
Conclusions
APN protected against IH-induced HACM injury was possibly mediated by the AMPK and NF-kB pathways. Our data strongly suggested that APN is a feasible novel therapeutic agent to prevent IH-induced HACMs dysfunction.
